Abstract: Supersaturations and depletion or enrichment of solute/solvent are known to be the driving forces for phase transformations. In the present work, a series of different experiments is presented where in a single phase or a two-phase mixture supersaturation or enrichment/depletion of solute occur in at least one of the phases. In all cases the result is a phase transformation, particularly either the precipitation of a secondary phase out of a primary phase, or the migration of the interface in a two-phase mixture. It is demonstrated that solute transport in the phase exhibiting faster kinetics controls the phase transformation process.
INTRODUCTION
It is general knowledge that the conditions under which phases in alloys are stable can be directly read from phase diagrams. At given composition, temperature, and pressure, the number of stable phases is defined in the phase diagram if the system is in equilibrium. However, the number of stable phases indicated by the phase diagram can be regarded as a maximum, as a lower number of phases may be present in such a system if one or several of the phases are supersaturated. For example, at given temperature and overall composition in the two-phase field of a binary phase diagram, where at equilibrium liquid and solid phase should coexist, only supercooled liquid may be present, which is then supersaturated with either solute or solvent.
Supersaturations may occur in all sorts of solutions, e.g., aqueous solutions, colloids, slags, metals, etc. The basic principles and consequences should, however, be the same. Thus, in the present work solutions in metal alloys are discussed as an example.
In the presence of supersaturation there is a driving force for a phase transformation. In fact, supersaturations are frequently directly considered as the driving force. Due to the fact that numerous studies of phase transformations have first been carried out for pure substances where the corresponding parameter is supercooling, this entity is still frequently used for describing the state of a phase. However, in alloys heat diffusivity is 3 to 4 orders of magnitude faster than chemical diffusivity, leading to locally uniform temperatures in the presence of concentration gradients. Via the slope of phase boundary lines in the phase diagram, supercooling and supersaturation are connected and thus equivalent. Generally speaking, there is an order in the velocity of a change of state, which is (i) pressure, (ii) temperature, and then only (iii) concentration. For describing phase transformations, it is pertinent to describe the slowest process and assume uniform values for the faster propagating entities.
For some cases, the consequences of supersaturations are amply discussed in the literature and in textbooks. Other cases have met less scientific interest, or are at present still beyond the scope of stateof-the-art models. In the following, an overview of different conditions and cases that demonstrate the consequences of supersaturation is given.
SUPERSATURATION OF A SINGLE PHASE RESULTING IN THE PRECIPITATION OF A SECOND PHASE
In physical metallurgy, the potentially best known and extensively studied process is that of the precipitation of a second phase from a supersaturated solid solution. This process is of technical importance and thus is treated in textbooks (e.g., [1] ), monographs (e.g., [2] ) and still in numerous recent papers (e.g., [3] ). For precipitation from a homogeneous phase, the supersaturated solution is normally generated by homogenizing the material at a higher temperature, followed by quenching to a temperature inside the two-phase field in the phase diagram (after possibly some intermediate steps), as indicated by the arrow to ① in Fig. 1 . The well-defined initial conditions (homogeneous solution) and boundary conditions (isothermal growth of the second phase with simple geometry as, e.g., spheres or ellipsoids) allow for analytical modeling in the case of binary alloys; the effect of curvature on the equilibrium concentration at the matrix/precipitate interface can be included using the equations for melting point depression (Gibbs-Thomson equation) or concentration shift (Thomson-Freundlich equation). More complex models treating multicomponent alloys need to be implemented numerically. The curvaturedependent interface concentrations can be included by adding the contribution of interfacial energy to the molar Gibbs free energy of the precipitating phase [4] .
Under the assumption of local equilibrium at the interface (at a given temperature, concentrations ② and ③ in the solid and liquid, respectively, see Fig. 1 ), a variety of processing conditions including temperature changes and transients can be treated. However, especially at coherent interfaces, local equilibrium may not necessarily be observed. The process is then not entirely diffusion controlled, but subject to some contribution of the kinetics at the interface. For the case of interface control, no generally applicable model is documented in the literature at present. The interfacial concentrations depend on the interface mobility that is difficult to measure experimentally and equally problematic to model theoretically. Thus, even sophisticated models are nowadays still restrained to the local equilibrium assumption [5] . Models for deviations from equilibrium at the interface have been developed for the case of rapid solidification since the 1960s. Due to the complexity of the physical processes at the interface, such models are generally applicable only for time-independent (steady-state) conditions. A well-known example is the rapid solidification model of Aziz [6] , but there are also recent developments including additional effects [7] or reducing the number of simplifying assumptions [8] .
Progress in interface thermodynamics [9] also opened the door for simulating time-dependent processes, i.e., transients, for rapid phase transformations. The limitation to the steady state for modeling such processes is thus released. The simulation of a transient process without local equilibrium is demonstrated in the following for the growth of small undercooled solid nuclei in the liquid. Solid/liquid interfaces are not prone to interface segregation or other effects that might change their mobility. The thermodynamic state of the interface is then dependent on the diffusion of the species through the interface, and on the concentration gradients in the adjacent phases. Coupling the thermodynamics as defined in [9] with models for the transport processes in the bulk of the different phases, early stages of nucleus growth before attaining local equilibrium at the interface can be described [10] .
Simulation results for this case considering spherical nuclei and stable (spherical) growth are shown in Fig. 2 . Isothermal growth of a pre-existing nucleus in the melt is assumed. Initial concentrations at the interface are assumed to be those for which the driving force for nucleation is highest, defined in the Gibbs free energy curves by a parallel tangent construction starting at the concentration of the supersaturated liquid. As soon as the nucleus grows, interface compositions change, and the supersaturation as reduced. It can be seen that the supersaturated nuclei start to grow with a velocity of the order of m/s, depending on the initial nucleus size. The influence of curvature on the growth velocity is strong for very early growth stages. With decreasing radius, nuclei form at concentrations that increasingly deviate from the equilibrium concentrations of a plane interface; it could thus be expected that initially fine nuclei grow more rapidly than their coarser counterparts. However, curvature reduces the driving force for interface migration and thus leads to a reduction of growth velocity with respect to plane interfaces; this effect is predominant, so that small nuclei start to grow with a lower velocity than larger nuclei. Irrespective of the initial nucleus size, the interface concentrations of growing spherical nuclei reach local equilibrium concentrations at a size of the order of 1 μm, after a time in the order of 1 μs (Fig. 2) .
SUPERSATURATION IN ONE OF THE PHASES OF A TWO-PHASE MIXTURE
In a two-phase mixture, a larger variety of states can be achieved, resulting in more complex options for microstructure evolution. If a two-phase mixture that is at thermodynamic equilibrium is subjected to an instantaneous temperature change, one of the phases will be supersaturated, and the other one will be solute or solvent enriched (e.g., starting from the concentrations ② and ③ at the higher temperature and ending at ④ and ⑤ in Fig. 1) , depending on the direction of the temperature change. For example, in a phase diagram with melting point depression as in Fig. 1 , upon sudden cooling of a liquid/solid mixture in equilibrium, the liquid will be supersaturated (④ in Fig. 1 ) and the solid will be depleted with solvent (⑤ in Fig. 1 ). Upon sudden heating, the solid would be supersaturated with solute and the liquid would be solute enriched. If the cause for the temperature change (e.g., the input of enthalpy) does not persist over a longer time, the transient until (local) equilibrium is reached again can be calculated with a model based on [9] in combination with the suitable kinetic assumptions [11] . It is again found that local equilibrium is re-adjusted within a time span of ~1 μs [11] . It is evident that experimental access to processes that occur on such a time scale is at present not available. However, present models are based on physical reasoning and are consistent with simulations for very early stages described by, e.g., atomistic models and late stages described by continuum models. Even though the modeling results are essentially unconfirmed by experiments, they are plausible and at present the only available information about such processes.
Simulations of rapid transient processes are applicable to the relaxation of a disturbed state, but not for cases where the cause of the disturbance is maintained over a longer period of time. In such a case, off-equilibrium states might be preserved for a longer period than microseconds.
An example for a case where supersaturation occurs upon cooling of a mixture of two solid solution phases, particularly hdp (Zn) and fcc (Al), is given in the following for Zn-Al-Ga alloys. Such alloys are candidates for Pb-free solders for electronic packaging [12] . A promising composition in the Zn-Al-Ga system, particularly Zn-6wt%Al-1wt%Ga, allowed for the production of solder wires that were supposed to be used as a replacement for Pb-containing alloys in soldering machines. However, embrittlement of these wires within 24 h was observed. The reason was found to be in the supersaturation of the (Zn) phase with Ga. The solubility of Ga in the two phases with decreasing temperature shows a contrary trend. While Ga solubility in (Zn) decreases with temperature, it increases in the (Al) phase, as illustrated in calculations with the Calphad method assuming global equilibrium (Fig. 3) . Upon cooling of the wires after extrusion, there is a temperature below which the kinetics in the phases are not fast enough to maintain equilibrium. A somewhat arbitrary assumption could set this temperature to ~200 °C. Below this temperature the (Zn) phase gets then supersaturated, and the (Al) phase depleted with Ga. Owing to a drastic difference of diffusion coefficients in the two phases (six orders of magnitude), Ga can diffuse out of the (Zn) phase, but is not immediately absorbed by the (Al) phase. It thus remains at the interface and grain boundaries and affects grain boundary cohesion. The result is a reduction of ductility of the material and brittle fracture behavior. Fracture surfaces of the wires broken right after extrusion and after 24 h aging at room temperature are shown in Fig. 4 .
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REACTION BETWEEN STABLE PHASES-ENRICHMENT AND DEPLETION
As illustrated above, supersaturation in a single phase or a two-phase mixture acts as a driving force for phase transformations. In addition, in a two-phase mixture solute or solvent enrichment or depletion can act as a driving force for a phase transformation. This is far less frequently discussed in the literature. An example is the dissolution of a solid (concentration ② in Fig. 1 ) in a solute-enriched liquid (concentration ⑥ in Fig. 1) . If the phases have a common interface, the solid would dissolve (i.e., melt back) and thus dilute the liquid. Melting of the solid would occur until the liquid concentration is reduced to the liquidus concentration (concentration ③ in Fig. 1 ) and the system reaches equilibrium. In daily experience such a process could, e.g., be observed during isothermal dissolution of pure ice in an alcohol/water mixture. The solubility of alcohol in ice is low, implying that the ice will always be at its solidus concentration; the liquid concentration can be adjusted well above the liquidus concentration to a solute-enriched concentration in its one-phase field in the phase diagram. Supersaturations and phase transformations 1089 
Fig. 4
Fracture surfaces of a Zn-6wt%Al-1wt%Ga wire; (a) ductile fracture directly after wire extrusion, and (b) brittle fracture after extrusion and 24 h aging (see [12] ).
Experiments in metallic systems combining solid and liquid concentrations in their respective one-phase fields (concentrations ⑤ and ⑥ in Fig. 1 ) at a common interface are described in [13, 14] . An important experimental detail is that the phases were initially separated by a thin graphite sheet while the sample was heated. Only after thermal equilibrium was reached was the graphite sheet removed. The well-defined initial conditions can then be accompanied by two different, equally well-defined boundary conditions. Either the samples are small and not insulated against the furnace, resulting in isothermal conditions, or the samples are large and well insulated against the furnace, resulting in adiabatic conditions. In this latter case, the migration of the interface during melting can be tracked by the temperature decrease during the experiment that is a consequence of the latent heat consumed upon melting.
In principle, the following thermodynamic conditions can be achieved in this type of experiment:
a) a solid with its concentration on the solidus line can be brought in contact with a liquid that is solute-enriched, resulting in dissolution of the solid in the liquid (melting); b) a liquid with its concentration on the liquidus line can be brought in contact with a solid that is solute-depleted, resulting in dissolution of the liquid in the solid (solidification); c) liquid and solid with concentrations that are both in their respective one-phase fields can be brought in contact; driving forces are then present for both solidification and melting, but the faster solute diffusion in the liquid will cause melting to occur.
Initial conditions in which at least one of the phases is supersaturated (concentrations ④ or ⑦ in Fig. 1 ) cannot be achieved with such experiments, as nucleation of the secondary phase out of the supersaturated phase during the time that is necessary for reaching thermal equilibrium cannot be excluded. In case of premature nucleation of the second phase, reaction between the phases may not occur with the designed supersaturated concentration.
Simulating the dissolution process is possible for defined kinetic processes (diffusion, convection) in the phases involved for slow processes, if the interface concentrations are the local equilibrium concentrations, or for faster processes, if interface kinetics and thermodynamics are included in the process [15, 16] . However, for the majority of cases, dissolution is slow enough for the local equilibrium assumption to be adequate. Sophisticated treatment is necessary for the transport processes in the liquid phase, as the kinetic processes in the liquid will control the dissolution rate. Potential additional complications are in the geometry of the dissolving solid, or the statistics of batch dissolution of a size distribution of particles (see, e.g., [17] ).
REACTION BETWEEN METASTABLE PHASES-TWO PHASES IN SUPERSATURATION
Experiments as described in the previous section cannot deal with supersaturated states as initial conditions of experiments. However, in special alloy systems it is still possible to bring supersaturated phases into contact with each other. An example is the system Ag-Bi that features a retrograde solidus line (Fig. 5, after [18] ). If a two-phase mixture is equilibrated at the temperature of the maximum solubility (~550 °C) and then subjected to rapid cooling to a defined temperature that is above the eutectic temperature, both the liquid and the solid phase will be in the two-phase field in the phase diagram. There is then a driving force for solidification in the liquid phase and a driving force for melting in the solid phase. The reasoning concerning the prevailing of the driving force for melting from the section above certainly still applies. However, in such an experiment it is unlikely that the simple morphology of the phases that may be present at the beginning will persist during cooling. [18] ) and indication of quenching process yielding two phases in supersaturation. 
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SUMMARY
Different experiments and possibilities for modeling the consequences of supersaturation and enrichment/depletion of alloying components are presented. It is shown that supersaturation can drastically change microstructures and consequently the properties of alloys. Even though microstructural evolution resulting from supersaturation is understood and can be modeled quantitatively for a variety of cases, open questions still remain. Especially in two-phase mixtures where one or both of the phases may be supersaturated, further modeling efforts are needed to describe interface migration and phase transformations in more detail.
